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Types of neutrino experiments 

Direct Mass * Double Beta Decay 

Reactor Experiments * Atmospheric and Solar Neutrinos 

Accelerator Based Oscilla>on Experiments 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Today 
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Neutrino Detectors: The Facts of Life 
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•  Beam oscilla+on physics 

•  Proton decay 
•  Supernovae prompt + relic neutrinos 

How can we optimize for each of these topics? 
What are the detector requirements?  

Rate = Flux(E) * x‐sec>on(E) * Target  

Concrete Example:  Atmospheric neutrinos  
( ~ 1 GeV neutrinos on water nucleons in Super‐K) 

Make it big! It’s really small.  
Sometimes not well known! 

Make it big! 
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1
cm2sec

× 6× 10−38 cm2 interactions

nucleon
× 6× 1032 nucleons

kton
× 86400sec

day
× 22.5 kton ∼ 10 interactions

day
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Neutrino x-sections (a topic of their own!) 
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Quasi‐Elas>c ScaRering 
(E <~ GeV) 

More energy: More Particles! 

Single Pion Produc>on 
E ~ GeV 

Mul>‐Pion Produc>on + 
Deep inelas>c scaRering 
E > many GeV 

W 

νe,νμ,ντ  e,μ,τ 

CC interac>on 

nucleon 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MINOS / Magnetized Tracking 
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Magnetized steel and scintillator 
Tracking calorimeter. 

2.5 cm steel, 1.3T field 
4.1x1 cm extruded scin>llator 
With WLS fiber. 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OPERA  Nuclear Emulsion 
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Electronic trackers point 
Back to bricks. 

After 1.5 years  
Block installation done. 

Signal 

Uses ECC (Emulsion Cloud Chamber) 
With automatic scanning 
+ Magnetic spectrometer. 

…a charm candidate! 
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T2K / Water Cherenkov 
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νeCC 

Far detector: Super‐K 
On and off‐axis  
hybrid near  
detectors 

‣  50 Kton Water Chernkov Detector

‣  >11,000 PMTs read out by QTCs

‣  Image processing for 
reconstruction

BG NC 

Non Segmented water Cherenkov Detector.  No B field. 
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•   15 kton “totally ac>ve” liquid scin>llator detector 
Noνa – Low Z calorimeter 

Low Z calorimeter 
(near and far detectors) 
No B field. 

νeCC  BG NC 

Low Z tracking calorimeter: tracking + allow Fme for photons to 
convert and showers to develop. 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Scintillation/Hybrid Detectors 
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Minerva 

Read out by M64 

Scibar 
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MC 

Data 



Same Particles: Different Detectors 
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As an exercise for 
NPSS07. Ed Kearns 
asked three groups to 
simulate the same 
parFcles in their 
detectors. 

GREAT! 

Liquid Argon Super-K 

Noνa 
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Project-X to DUSEL (LBNE) 

Project-X 

DUSEL 

Let’s measure CP  
violation! 

Water Cherenkov And/Or  
Liquid Argon here at 4850ft. 05/07/09  11 



Measuring CP Violation and Hierarchy 
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For appearance three main types of background: 
intrinsic νe ,  misidentified π0,  mis-identified charged µ 

Normal 
Hierarchy 

Inverted 
Hierarchy 

In DUSEL project we want a really high 
intensity beam and large mass > 100kton to 
get a good event rate.  We need to measure 
the electron appearance probability in both 
neutrino and anti-neutrino beams. 

Changing CP moves you around the circles. 

-  Use Project-X 
-  We know how to build large WC 
detectors for “cheap”. 
-  If we can figure out Liquid Argon 
holds the out the possibility of 
extremely good granularity and 
background rejection. 

Measure the electron appearance 
probability on top of a background  

Schematic figures 

Do this with both a neutrino and 
AnF‐neutrino beam. 
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Examples of these Backgrounds in WC 
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Intrinsic νe  
contamination 

Confuse π0→γγ
with νe 

Confuse νµ
with νe 
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Cherenkov Radiation 

Hypersonic Jet   Reactor Core 

Moving faster than the speed 
of sound in air makes a sonic boom. 

Electrons moving  
faster than c/n in 

water make light. 

Super‐K 

Par>cles moving  
faster than c/n make  

cones of light. 

Cherenkov light is emiRed when a charged par>cle, like  
a muon or an electron goes faster than the speed of light  

in some medium.  The Cherenkov light is emiRed like a  
shockwave, in a cone along the direc>on of par>cle mo>on. 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Eν Reconstruction (assuming QE)  

In Water Cherenkov detectors not every  
par>cle is above Cherenkov  threshold.  Luckily,  

in a Quasi‐Elas>c reac>on, even if only the muon is visible 
we can reconstruct the neutrino energy! 
 [ Case for most events in K2K/T2K Energies ] 

If the interac>on is non Quasi‐Elas>c then the  
reconstructed energy will be incorrect. Challenge: 
In LBNE the energies are higher. [More later] 

µ
νµ θ 

Eν =
mNEµ −m2

µ/2
mN − Eµ + pµ cos(θµ)

mN = Neutron Mass
Eµ = Muon Energy

mµ = Muon mass
pµ = Muon momentum

θµ = Muon angle wrt beam
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MaRhew Earl thesis (Boston University) 

Ring Counting 

Also handles ring fragments! 

Unequal size 
close peaks can 
be difficult to 
deal with.  
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Telling Electrons from Muons 

Electrons bremstrahlung 
and pair produce making many 
par>cles each making light. 

Muons move forward 
producing a single cone  
of light. 

Thickness gives momentum 

Compare 
profile of ring 
against a 
shape 
likelihood. 
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Pattern of Light Fitter 
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Optimized to find weak 2nd ring from asymmetric decay 

‐  Start from single e‐like 
ring with no decay 
electrons. 

‐  Assume there is a 2nd 
ring from a pizero decay 
somewhere in the event.  

‐  Make a e‐like paRern 
(including scaRered light) 
and move it around un>l 
you get the best fit. 

‐ Check the invariant 
mass of the 
reconstructed pizero and 
likelihood and decide 
whether there was a ring 
or not. 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What happens at DUSEL energies? 
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(Fannie Dufour) 

‐ Polfit doesn’t work as well by itself above a few GeV. (gammas get close) 
‐ F. Dafour combined it into a likelihood with other variables designed 
  to remove background and was able to get good performance.  

FracFon of QE is smaller 
at higher energy 

NC Bkg 
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How much photo coverage? 
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Data: 1 GeV neutrinos from a beam 

40% 20% 

From SK/K2K experience: Fine for Beam! 

We would like as much mass as possible, With as low a threshold as 
possible.  More mass -> bigger cavern -> more PMTs for the same 
threshold.  PMTs are a major cost driver. 

Photo of SK-III construction 
with both 40% and 20%  
coverage visible. 
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PDK MC: Mul>‐ring, or less energy is harder 

Bkg and efficiency 
almost the same 

Almost Same Bkg 
Eff(20%)/Eff(40%) ~ .8 
[Shiozawa NNN08] 



Can we put Gadolinium into the tank? 
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νe

e+

p n

γ
Gd

[reaction schematic by M. Nakahata] 
n+Gd →~8MeV γ
ΔT = ~30  µsec

Possibility 2: 90% or more

Current R&D 

The anti-neutrino tag would allow us to search for and study: 
•  Supernova burst neutrinos 
•  Relic Supernova neutrino flux. 
•  Atmospheric Antineutrino tag (useful for hierarchy studies) 

•  Water purifica>on system 

•  Transparence / Material 
stability. 

•  Design of a test tank at the 
Kamioka lab. 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Hybrid Photodetectors (HPDs) 

•  No dynode structure 

•  High gain at first stage give very good single 
photon sensi>vity. 

•  Fast (~1ns) 

•  Less gain (need good low noise preamps) 
•  Need ~20kV of HV 

05/07/09  23 

Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment 
Volume 579, Issue 1, 21 August 2007, Pages 42-45  

Airhara group at the 
Univerisity of Tokyo 
With Hamamatsu 
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Picosecond Timing Project 

05/07/09  24 

http://psec.uchicago.edu/ 

Cheaper 

Exploring the possibility of a cheap, large area,  
high resolution, fast photo-detector. 

Henry Frisch and others at 
the University of Chicago /
ANL / other universities, labs 
and companies. 

•  Build PMT structure into pores with dynode 
material defined in rings. 

•  Capaci>vely couple into transmission lines. 

•  Hope for cost‐per‐unit‐area reduc>on to be 
compe>>ve with PMTs for this applica>on. 

From  To 
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High Quantum efficiency tubes. 
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•  New high quantum 
efficiency 10” tubes are 
becoming available from 
Hamamatsu.   

•  These allow you to buy less 
tubes. 

•  IceCube has tested 78 new 
tubes (at ‐40C / 405nm) 
and saw an increase of 38% 
rela>ve to the standard QE. 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Power/ Cables 
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+ underwater electronics/HV distribution + wireless readout? 

Orsay  
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Liquid Argon TPC – An electronic bubble chamber 

Backgrounds missed in WC can be seen in LAR. 
Example from T2K 2KM studies:  Vectors of NC 
BG in a WC detector simulated in LAR. 

All particles are seen in 
LAR.  In this proton decay 
the kaon would be below 
Cherenkov threshold.  

Resolution given by wire spacing ~ 3mm  
( comparable to Gargamelle bubble size)  

05/07/09  27 Chris Walter FNAL Extreme Beam Lecture 



Liquid Argon Impact 
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NC Bkg gone! 

SUSY modes have Kaons. 
LAR efficiency is ~ x6 WC Studies suggest 100 kt LAR = 300kt WC 

(Note: SK ~ 150 kton yr) 
Go BIG to make a big improvement Chris Walter FNAL Extreme Beam Lecture 



Icarus Status 
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June 2008  

T300 2001 

T600 Installation 
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Staging in the US 
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Bonnie Fleming @ HEPAP  

Filling  
this week! 
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Argoneut 
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•  .3 Tons / 500 Channels / ~ 150 events/ day 

•  Gain experience with long term underground running. 

•  Large sample for experience with reconstruc>on. 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Microboone 
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•  Physics experiment to 
study the MiniBoone low‐
energy excess. 

•  Will study several R&D 
issues: 

•  Purity of Ar in a 
cryostat without 
pumping down to 
vacuum first. 

•  Low temperature 
CMOS based low‐
noise electronics 
inside of cryostat. 

~ 2011 
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Drift length and Purity 
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As detectors get larger, the distance that the electrons can drift 
becomes critical. 

FNAL now 
has a materials 
purity test stand. 

Can check the  
effect of materials 
in the detector 
along with  
various purification 
schemes. 
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LAR at DUSEL? 
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The plan is for a 
Modular approach. 
US group is now  
Studying various options. 

O
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Glacier 
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Andre Rubbia 

A different approach: 
LNG tank based  
detectors. 
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Towards a large detector: 
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Unprocessed double LEM readout. 

Small prototypes at KEK, Bern, ETHZ 
Have shown LEM readout. 

NOW: ArDm 1 ton prototype 

Filling now (1/2 full on 6th) 
Test HV system upto 400kv 
Instrument with LEMs by end of year 

Towards the GLACIER detector 
A. Rubbia 
CERN IDS Meeting 3/27 
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More R&D 
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•  Leverages cer>fied LNG 
tanks. 

•  No readout wires / Use 
LEM readout. 

•  Need very long driv path. 

•  Currently there is an ac>ve 
R&D program with Swiss/
France/Spain/Japan/UK 
Next: proposed 3.9 ton beam test 
(in CERN North Area) 

•  Direct long driv 
measurement. 

•  Simulate 10‐20 m drivs by 
reducing E field. 

•  High Voltage tests (~500Kv) 

ARGOTUBE: external dewer / infrastructure 
ready.  Inner detector in procurment phase. 

Next stage: 1kton engineering  
demonstration in neutrino beam. 
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Measuring oscillations with a neutrino factory. 
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Golden Mode 

Platinum Mode 

Need sign  
measurement 

M
IN

O
S LIK

E? 
N

O
VA LIK

E? 
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MIND Laing nufact08 

Need muon mis-id at the 10-3 level 
Current thinking: two 100kton modules at 4000 and 7500 km. 

TASD 

15
 m

 

A Nova like detector  
With minerva like 
Technology. 
For low‐E NF ~ 35kton.  

Wait! What about the sign? 
05/07/09 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Magnetize the hall?! 

05/07/09 
40 

Make solenoid with VLHC  
super-conducting Transmission Line.  
(for a field strength of ½ T) 

Bross nufact08 
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LAR or emulsion in a magnetic field? 

05/07/09  41 

First events in a B-Field (.55T) 
New J.Phy.7 (2005) 63 
NIM A 555 (2005) 294  

Could a superconducting 
solenoid magnetize a large 
LAR detector? 

What about an Magnetic Electronic  
Cloud Chamber (MECC)? This is 
emulsion in a magnetic field. 

First pion beam test of MECC in  
B field. 
(C. Fukushima, M. Kimura, S. Ogawa, H. Shibuya,  
G. Takahashi, T. Hara and K. Kodama, paper in preparation)  

Lavina nufact08 
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INO Experiment  
(Steel and RPCs) 
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Near Detector Challenges 

‐ Need to measure flux, flavor composi>on and x‐sec>ons required for all oscilla>on analyses. 
‐ This is a par>cular challenge where the far detector is water Cherenkov. 
‐ The fluxes differ near to far and  there are large x‐sec>on uncertain>es for NC pion backgrounds. 
‐ An>cipated backgrounds: 

 ‐ intrinsic νe  
 ‐ NC events which mimic intrinsic νe appearance such as single π0 events  

The high energy tail will 
generate NC interac>ons 
in the signal region. 

Far/Near Flux Ra>o  NC Pion Produc>on 

Uncertain>es are large. 

Plots/Info  from Sam Zeller / Christopher Mauger for the LBNE ND group.  

Preliminary 

Building the near detectors needed for this high intensity environment will 
be a new important challenge.  We will soon get important experience from 
Minerva and T2K.  
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Conclusion 

•  The next genera>on of experiments will be in the 100 
– 500 kton range. 

•  Water and LAR are the two most probable choices at 
DUSEL. 

•  WC can be op>mized for cost/physics topic 
•  LAR needs experience to scale up and choose a 
approach for giant detectors. 

•  In the longer term there may be even more difficult 
challenges. 

•  Remember proton decay and astrophysics! 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